Identification of the catalytically active component of Cu-Zr-O catalyst for the hydrogenation of levulinic acid to γ-valerolactone †
Introduction
Levulinic acid (LA) is one of the most important lignocellulosic derived materials because of its high chemical potential to be converted into value-added chemicals such as γ-valerolactone (GVL), 1,4-pentanediol, valeric acid and 2-methyltetrahydrofuran. 1 -7 Among these products, GVL has a wide range of applications. It can be used as a gasoline blend, a solvent in lacquers, a food additive and a precursor to a variety of monomers. 2,8 -11 Numerous papers have appeared focused on ruthenium based heterogeneous catalysts for hydrogen-ation of lignocellulose derived substrates, including LA to GVL. 6,12 -20 However, ruthenium is a relatively expensive metal whose supply is likely to limit its application in the large scale production of bio-derived materials that will be required for a These catalysts can work with water as a solvent and can decompose formic acid to produce hydrogen in situ (HCOOH → H2 + CO2). This means that they are able to operate under the conditions in which LA is produced (acidic hydrolysis of biomass) 22 and so may be expected to off er great industrial potential for the production of GVL from ligno-cellulose. However, most of the literature has focused on improving the catalytic activity from a formulation point of view rather than on identifying and understanding the catalytically active component. Hengne and Rode have reported that Cu is the active component in Cu-ZrO2 catalyst acting in the same way as a traditional supported transition metal hydrogen-ation catalyst. 21 However, it has also been suggested that Zr can also be responsible for hydrogenation 23 -25 and Chia and Dumesic have reported that ZrO2 itself can catalyze LA to GVL in various alcohol solvents by catalytic transfer hydrogenation through the Meerwein-Ponndorf-Verley (MPV) reaction pathway. 25 The active Cu-ZrO2 catalyst is normally prepared by a co-precipitation method with a very high Cu loading. 21, 22 This synthesis method leads to the incorporation of Cu into the ZrO2 lattice as well as deposition of CuO particles on the zirconia surface. Sloczynski et al. have reported that the intro-duction of Cu into the tetragonal ZrO2 lattice increases both the Lewis and Brønsted acid site concentrations. 26 Roman-Leshkov et al. pointed out that Lewis acids can also enhance transfer hydrogenation activity. 27 This complex mixture of factors makes identification of the catalytically active component of Cu-ZrO2 catalysts for the hydrogenation of LA to GVL challen-ging but also suggests that there is scope to design a new class of catalysts based on these materials once an understanding of the active species has been achieved. In particular, the roles of Cu that is incorporated into the oxide lattice and that which forms a separate surface phase need to be diff erentiated.
In this paper, we attempt to identify the catalytically active component of Cu-ZrO2 catalysts by comparing materials having a consistent structure of the bulk oxide phase with and without surface Cu particles. We show how catalyst synthesis methodology and pretreatment can dramatically influence performance. We believe this work provides useful information for designing more active catalysts composed of abundant elements for the LA to GVL reaction that will be economically and environmentally competitive with the state-of-the-art Ru/C formulations. This could also lead to new applications across the range of hydrogenation reactions that will underpin the future exploitation of biomass as a sustainable resource.
Experimental

Synthesis of pure tetragonal zirconia oxide
Synthesis of pure tetragonal zirconia (t-ZrO2) was carried out following the method reported by Li et al. 28 In a typical syn-thesis, 8 .137 g of ZrO(NO3)2·6H2O (Zr: 0.024 mol, Acros Organics, 99.5%) was dissolved in 60 ml of methanol with the help of ultrasonication. Then, 2.88 g of urea (0.048 mol, Fisher Scientific, >99%) was added and stirred for another 10 minutes at room temperature. The mixed solution was transferred to a 120 ml Teflonlined autoclave and methano-thermal synthesis was carried out at 175 °C for 20 h. The obtained powder was filtered and dried at 110 °C overnight under air. Finally, the dried material was calcined at 400 °C for 4 h with 10 °C min − 1 ramp under static air. The obtained material is abbreviated as t-ZrO2. 
Synthesis of
Synthesis of Cu/support catalyst by depositionprecipitation method
To prepare catalyst samples by deposition-precipitation, the desired amount of Cu(NO3)2·3H2O was dissolved in 100 ml of water, followed by addition of corresponding amount of support (Cu weight percent: 2.5 wt%, 20 wt%). t-ZrO2 and 7.6Cu(Me) were used as the supports for these materials. The amounts of Cu and support were set so as to give 1.0 g of final product. 0.20 M of K2CO3 (2.80 g in 100 ml of water) was added slowly into the prepared solution until a pH of 9.0 was obtained (initial pH = 1.6). The resulting precipitates were aged for 6 h. The material was filtered and washed with over a liter of cold water. After drying at 110 °C under air, calcination was carried out at 300 °C for 2 h in air. Materials obtained by deposition-precipitation in this way will be referred to as y wt%Cu/support, where y represents the weight percent of Cu against the entire catalyst in the preparative conditions (y = 2.5, 20).
Reduction treatment
Reduction treatment was carried out under continuous flow of 5%H2/Ar at 300 °C for 2 h with a 10 °C min − 1 ramp. Heat treated catalysts are indicated by adding "-HR" to the abbrevi-ations discussed above.
Characterization
Powder X-ray diff raction (PXRD) was performed on an X'Pert Pro diff ractometer with a monochromatic Cu-Kα source ( = 0.154 nm) operated at 40 kV and 40 mA. The scans were recorded in the 2θ range between 10° and 80°. Raman analysis was performed on an inVia Raman Microscope (Renishaw) using both 514 nm and 785 nm lasers for powder samples.
Surface areas were determined by multi-point N2 adsorp-tion at 77 K on a Micromeretics Gemini 2360 according to the Brauner Emmet Teller (BET) method. Prior to the analysis, samples were degassed at 120 °C for 1 h under N2 flow.
Temperature programmed reduction (TPR) was carried out on a Thermo 1100 series TPDRO (Quantachrome) equipped with a cold trap with 75 ml min − 1 of 10%H2/Ar using a 10 °C min − 1 ramp rate. Samples (0.050 g) were pre-treated at 110 °C under a flow of argon (20 ml min − 1 ) for 20 min prior to reduction in order to clean the surface. Analysis was per-formed under 10%H2/Ar (BOC 99.99%, 20 ml min − 1 ) flow with 5 °C min − 1 ramp, thermal conductivity detector (TCD) current of 150 mA, and an attenuation setting level of 8.
N2O titration was performed on a ChemBet (Quantachrome) for catalysts after reduction. Prior to the analysis, the catalysts were treated in situ under 30 ml min − 1 of 10%H2/Ar flow at 180 °C. Then the temperature was reduced to 65 °C with He purging in order to remove H located on the catalyst surface. N2O was pulsed until no signals were detected using a TCD detector. After titration, a known amount of N2 was fed for calibration. A total of 1.46 × 10 19 Cu atom m − 2 and a stoichiometry of 2Cu/N2 were used to calculate Cu surface area. 31, 32 Transmission electron microscopy (TEM) analysis was performed on a JEM-2100F (JEOL). Prior to TEM analysis, samples were dispersed with ethanol under ultrasonication. Supernatant liquid was dropped on the Ni-grid and dried over-night for analysis.
Elemental compositions in the bulk were determined by Inductively Coupled Plasma (ICP) (ICPE-9000, Shimadzu). 0.025 g of the materials were dissolved in the mixture solution of 0.5 ml of hydrogen fluoride (Kanto) and 3.0 ml of nitric acid (Kanto) at 80 °C overnight. Then, the obtained solutions were diluted with distilled water up to 50 ml (solution 1). 1 ml of solution 1 was transferred to another tube and again diluted by distilled water up to 50 ml (solution 2) so that the catalyst concentration in solution 2 was 10 ppm. The diluted solutions (2) were subjected to ICP analysis. To calibrate this analysis, standard solutions of 1000 ppm Zr (Wako) and 1000 ppm Cu (Wako) were mixed and diluted up to 0.2, 0.5, 1.0, 2.5, and 5.0 ppm (Cu and Zr, respectively).
X-ray Photoelectron Spectroscopy (XPS) was performed using a Kratos Axis Ultra-DLD photoelectron spectrometer, using monochromatic Al Kα radiation, at 144 W power.
Hydrogenation of LA to GVL
All experiments were carried out using a 50 mL capacity stain-less steel autoclave (Model 5500HP, Parr Instruments). The reactor was equipped with a gas inlet valve for charging gas into the reactor and a gas release valve for releasing pressure and gas sampling. A stirring shaft was used to vigorously stir the mixture (2000 rpm) during the reactions, and the temp-erature of the liquid was measured using a thermocouple. A Parr Instruments Model 4836 controller was used to control temperature and stirring speed. Unless otherwise stated reac-tions were carried out under a set of standard conditions: reaction temperature 200 °C, catalyst amount 50 mg and 10 g of 5% levulinic acid (98%, Sigma Aldrich) diluted with distilled water was used as a substrate. Before the reaction, the reactor was purged three times with 5 bar of nitrogen gas, in order to remove residual air, followed by purging three times with 35 bar of hydrogen. The reactor was then pressurized to 35 bar of H2 at which point the reference zero time for the reaction was set. For the reusability experiments, first, a reaction was performed with fresh catalyst and then the catalyst was filtered off and transferred back to the reactor without drying and a new catalytic run was performed along with the fresh substrate under standard reaction conditions. Blank runs, without the catalyst present, showed no LA conversion. Acetonitrile (Acros Organics, 99.9%) was used an internal standard for analysis and the products were detected by Varian 450 GC equipped with CP-Sil 5CB (50 m, 0.32 mm, 5 m) column and an FID detector. The calculated carbon balance was always in the range of 95-100%.
DFT calculations
Calculations were performed using the CASTEP 33 -41 package with the Perdew-Burke-Ernzerhof (PBE) functional and auto generated pseudopotentials. A plane wave basis set was used with a three dimensional periodic boundary, with a cut off value of 630 eV and finite basis set corrections were included for all calculations. The calculations included the G06 long range dispersion force correction by Grimme, and a Hubbard U value of 7 eV was used for the Cu d orbitals. 42 The diff erent Cu doping levels in ZrO2 were created Here ECuxZrn−xO2n−x is the calculated energy for the unit cell with x-Cu atoms substituted on Zr sites, EZrO2 is the lattice energy per formula unit for the pure ZrO2 calculated using the same 3 × 3 × 3 supercell as used for the doped calculations and ECuO is the calculated energy for a reference CuO unit cell. Cu doping levels are quoted using the same percentage molar metal content as defined for experimental samples (100 × Cu/(Cu + Zr)).
Results and discussion
Hydrogenation of LA to GVL
Catalysts synthesized by the Me and Og methods were tested for the hydrogenation of LA to GVL. For all the reactions, the selectivity to GVL was 100% and no byproducts were detected. Fig. 1 shows the GVL yield obtained from a reaction time of 2 h at 200 °C under 35 bar hydrogen pressure.
Initial comparisons were carried out at relatively low Cu loadings (10Cu(Og) and 7.6Cu(Me)). The Me catalysts did not show any activity while the material prepared by the Og method gave a modest GVL yield of around 5% after a 2 h reac-tion time. Increasing the Cu loading of the Og catalyst lead to a linear increase in GVL yield rising to 25% for the 51.8Cu(Og) material. After reduction of the catalysts, the 7.6Cu(Me)-HR material was also found to be inactive. In contrast the catalytic activity of Og prepared materials was significantly increased for all loadings tested and a linear correlation between Cu loading and activity was maintained. This leads to almost 100% GVL yield being achieved for the case of the 51.8Cu(Og)-HR material. These observations clearly show that the Og preparation method produces catalytically active materials for LA hydrogenation and that a prereduction step before the cat-alysts are used greatly increases their activity.
A range of characterization methods were used to examine the physical properties that may lead to this stark diff erence between the catalytic performance of the 7.6Cu(Me) and xCu (Og) (x = 10.7, 21.0, 31.3, 41.6, and 51.8) samples and to estab-lish the eff ect of the reduction step. Table 1 lists the catalyst compositions from ICP analysis (bulk) and XPS (surface), lattice parameter determined from PXRD, the BET surface area, CuO or Cu particle size (Scherrer equation), and Cu surface area (N2O titration). For catalysts synthesized by the methanothermal method (Me), 7.6% of the catalyst was found to be Cu by ICP, much lower than the theoretical Cu molar ratio (Cu/(Cu + Zr) = 20) . For this reason, for all samples we quote the Cu content of the material from the ICP determined Cu amount. Furthermore the surface concentration of copper (determined by XPS) was reduced after reduction at 300 °C under a flow of 5%H2/Ar. This suggests that the reduction treatment caused more copper to be incorporated into the bulk structure. In contrast, catalysts prepared via oxalate gel precipitation (Og) showed good agreement between theoretical and measured ratio of Cu to total catalyst mass. For the Og materials, the measured Cu/(Cu + Zr) ratios were also unchanged by reduction treatment under a flow of 5%H2/Ar. Powder X-ray diff raction patterns for all materials are shown in Fig. 2. Fig. 2(A) shows the patterns for the Me and Og catalysts before reduction. All the samples showed PXRD reflections at 30.3°, 35.2°, 50.3°, 60.1°, 63.0°, 73.2°, and 74.2°, ascribed to the tetragonal-zirconia phase (t-ZrO2). Fig. S1 † shows the narrow region of same PXRD patterns to indicate slight change of the lattice parameter for the c-axis. Raman spectra of these catalysts also showed the bands attributed to t-ZrO2 ( Fig. S2 †) , confirming that all catalysts synthesized have the bulk structure of t-ZrO2. 29, 43 Besides the PXRD reflections of t-ZrO2, an additional reflection attributable to CuO was found at 38.5° in xCu(Og) catalysts with x ≥ 31.3. So it appears that, at the higher loadings, segregation of CuO and Cu-ZrO2 phases leads to CuO particles that are large enough to observe by PXRD. The crystallite size of CuO on the basis of the Scherrer equation was, within error, around 8 nm (Table 1 ). For all samples in which CuO reflections are observed, the reflection position is the same as that of pure CuO, indicating no incorporation of Zr into the copper oxide particles. In addition, we observe an PXRD halo which implies the for-mation of an amorphous phase in the 14.8Cu(Me) catalyst ( Fig.  S3 †) .
The PXRD patterns of the Me and Og catalysts after reduction are shown in Fig. 2(B) . The reduction treatment caused no changes in the PXRD peaks attributable to t-ZrO2 component in any of the materials. A new peak at 43.3° is also seen for the Og prepared materials at all Cu loadings that is attributable to Cu metal. At the same time the CuO peaks seen in Fig. 2(A) for Cu loadings of 31.3% and higher are absent after reduction, indicating that the reduction of CuO was com-plete under our reduction conditions (300 °C for 2 h under 5% H2/Ar flow). The crystallite size of Cu metal determined using the Scherrer equation (Table 1 ) was around 15 nm for all samples, except for the case of 10.7Cu(Og) which showed 7.6 nm Cu particles in agreement with previous reports. 29 The increase of the particle size from 8 nm before the reduction to 15 nm after the reduction indicates some sintering has taken place. This is also seen from the XPS measurement of surface Cu species estimated from peak areas (Table 1) . For example, the 51.8Cu(Og) sample has a surface Cu to total metals ratio of 27.6 before reduction compared with 42.8 for 51.8Cu(Og)-HR postreduction, which we attribute to the increased thickness of the Cu particles. The appearance of the Cu metal peak in the PXRD of Fig.  2 indicating that Cu incorporated into the t-ZrO2 lattice has been uniformly dispersed.
Aside from the phase segregation for the Og prepared samples, the inclusion of Cu in both the Me and Og synthesis procedures leads to changes in the PXRD peaks seen for the t-ZrO2 phase. The diff raction peaks for t-ZrO2 in Cu-ZrO2 materials occur at higher diff raction angles than seen for pure t-ZrO2. These shifts have also been reported by Fan et al. for Cu-ZrO2 materials prepared by the Og method. 29 Table 1 also gives the a and c lattice parameters for the t-ZrO2 phase derived from the diff raction patterns of Fig. 2 . For 7.6Cu(Me), although almost no change in the lattice parameter for the a-axis was observed ( Table 1 , 3.60 Å in pure t-ZrO2 and 3.59 Å in 7.6Cu(Me)), the lattice parameter for the c-axis is signifi-cantly lower at 5.08 Å for 7.6Cu(Me) compared to 5.15 Å in pure t-ZrO2. Catalysts prepared using the Og method also show almost no lattice parameter changes in the a axis (3.59-3.60 Å). However, for xCu(Og) with x below 21.0%, the measured c lattice parameter gradually decreases with the amount of Cu included in the synthesis (5.15 Å in pure t-ZrO2 and 5.13 Å in 10.7Cu(Og)) and becomes constant for x above 21.0% (5.07 Å-5.08 Å). This contraction in the c axis direction indicates that Cu is incorporated into the t-ZrO2 lattice. 44 The observation that the c-lattice parameter does not change any further on the addition of Cu to xCu(Og), x ≥ 21.0 indicates the saturation level of Cu in the t-ZrO2 lattice.
Additional Cu content will then be taken up by the separate CuO phase on the zirconia surface.
This interpretation is supported by the DFT calculation results presented in Table 2 . We find good agreement between the DFT calculated and experimental a and c-lattice para-meters for the pure t-ZrO2 phase ( Table 1 ). The contraction seen on incorporation of Cu 2+ cations into the bulk cell ( Table 2 and Fig. S4 †) is also reproduced as is the relative insensitivity of the a-parameter. The computer model also shows how, in the relaxed structures, the Cu ions move to adopt a square planar geometry in one of the faces of the cubic arrangement of O anions around the Zr cation site. We also find that, as the amount of Cu doping increases, so does the mixing energy ( Table 2 and Fig. S5 †) , even when normal-ized to Cu content. Indeed, when a structure with Cu doping in excess of 20% in the ZrO2 lattice is relaxed with DFT, the calculation is difficult to converge and there is a large distor-tion of the unit cell suggesting that high levels of Cu doping cannot be accommodated by the t-ZrO2 lattice. At these levels of doping it is difficult to find an arrangement of Cu ions which do not share anion neighbors and so, presumably, the lattice strain introduced by Cu 2+ moving to the square planar site cannot be accommodated. Since the lattice parameters of 7.6Cu(Me) and xCu(Og) (x ≥ 21.0) are almost the same, the amount of Cu incorporated into the t-ZrO2 lattice is expected to be the same for these materials. The saturation of the lattice parameter change observed in xCu(Og) (x ≥ 21.0) implies that both 7.6Cu(Me) and xCu(Og) (x ≥ 21.0) contain Cu inside the t-ZrO2 lattice at the maximum loading.
We have already shown in Fig. 1 that the Og prepared materials show a linear increase in GVL yield with Cu content of the catalysts. PXRD and modelling studies suggest an upper limit for Cu incorporation into the t-ZrO2 lattice with materials prepared by the Og method having surface CuO nano-particles at all Cu doping levels, which can be readily reduced to Cu metal.
To consider how Cu loading aff ects the catalytic activity we consider characterization data that will give information on the material surface area and likely proportion of Cu incorpor-ated into zirconia vs. that present as surface nanoparticles. The BET surface areas (Table 1 ) of the Cu containing catalysts obtained using both Me and Og routes were not aff ected by Cu content with all samples having values in the narrow range of 57.9 to 76.4 m 2 g − 1 . These values are in line with those obtained for catalysts obtained by coprecipitation from the aqueous metal nitrate salts for which we have found a depen-dence of GVL yield on measured surface area. 45 However, here the relatively small diff erence in surface area for the 7.6Cu(Me) and 10.7Cu(Og) materials cannot explain the large diff erence in catalytic activity. In addition, no significant change in the surface areas was observed after reduction.
N2O titration was performed in order to assess the Cu metal surface area (2Cu(metal) + N2O → Cu2O + N2, Table 1 ). The Cu surface areas obtained were similar for all of the Og catalysts and were in the range of 1.9 to 4.0 m 2 g − 1 , slightly lower than reported previously for Cu zirconia catalysts syn-thesized by the Og method. 22, 29 The detectable TCD signal obtained in N2O titration further confirmed the existence of Cu metal in the reduced Og catalysts while the reduced 7.6Cu (Me) material showed almost no TCD signal during N2O titra-tion and the obtained Cu surface area was almost negligible (0.2 m 2 g − 1 ), confirming that there is no Cu metal on the cata-lyst surface after the reduction treatment. This suggests that Cu metal is important for the hydrogenation of LA to GVL for Cu-ZrO2 catalysts. The lack of a direct correlation of GVL yield with Cu surface area may be due to a diff erent Cu surface area for the catalysts under reaction conditions (200 °C under 35 bar of pure H2 in the presence of water) compared to that eval-uated by N2O titration condition ( pre-reduced at 180 °C under 10%H2/Ar flow). However, the more strongly reducing con-ditions of the experimental system indicate that only a particu-lar form of Cu metal is active for the reaction so that the total metal surface area need not correlate with activity.
The likely state of the Cu segregated phase under reaction conditions was investigated using TPR experiments (Fig. 3) . It is notable that the 7.6Cu(Me) material showed no TPR signal across the entire temperature range. This is in-line with ICP and PXRD results which indicate that the Me catalyst contains Cu only incorporated into the t-ZrO2 lattice and with the N2O titration of the 7.6Cu(Me)-HR material which showed no Cu surface area. The TPR result for this Me material also demon-strates that Cu incorporated into the t-ZrO2 lattice is not reduced using the reduction conditions employed in this study.
In contrast, for Og catalysts, clear TPR signals were observed with the signal area increasing with the amount of Cu used in the synthesis. The temperature of the TPR peak also increases with Cu loading which could be due to a change in the degree of interaction of CuO species with Cu doped t-ZrO2 or a change of CuO particle dispersion. 29, 46, 47 Even so, all samples, except the highest 51.8Cu(Og) material, show a return of the signal to base line by the reaction temperature of 200 °C. We attribute these TPR signals obtained for the Og cat-alysts to the reduction of CuO particles dispersed on the cata-lyst surface which is likely to occur under our reaction conditions. TEM images of the catalysts are shown in Fig. 4 . As expected from ICP, PXRD, and TPR, no Cu particles were found on the 7.6Cu(Me) samples either before or after reduction. Lattice fringes were observed in the material with dspacing of 2.84 Å which corresponds to the (111) planes of the t-ZrO2 lattice. The Og catalysts show the same fringe pat-terns but in addition CuO and Cu metal particles were observed. The size of the CuO and Cu metal particles were ca. 8 nm and ca. 13 nm, respectively, which match well with the size estimated from PXRD using the Scherrer equation. The number of CuO and Cu metal particles was found to increase with overall Cu content in the materials. Similar observations were made with the TEM images of calcined only catalysts as shown in Fig. S10 . † Based on the above results, we conclude that the Me catalyst have no Cu particles, whereas the Og catalysts should be thought of as a Cu doped t-ZrO2 material supporting CuO or Cu nanoparticles depending on the reduction treatment and that both synthesis methods lead to the same bulk compo-sition with the same crystal phase of zirconia. Hence, we can evaluate the contribution of bulk and Cu particles for catalysis separately. In the next section we will discuss the catalytic activity of these catalysts for levulinic acid hydrogenation. Fig. 5 (A) shows time online (TOL) data for 51.8Cu(Og) both reduced and unreduced. Reduced catalysts always show significantly higher catalytic activity than calcined catalysts. No induction period for the reaction was observed in 51.8Cu(Og)-HR catalyst. However, the calcined 51.8Cu (Og) did show an induction period of 30 min ( Fig. 5(B) ). The rate as judged by the initial slope of the GVL yield is also much higher for 51.8Cu(Og)-HR than for the 51.8Cu(Og) catalyst even when the induction period is taken into account ( Fig. 5(A) ).
In order to reuse the catalyst a reaction was performed with 51.8Cu (Og) and 51.8Cu (Og)-HR catalysts under standard reac-tion conditions. After reaction, the catalyst was filtered, washed, dried at 110 °C overnight and retested. The activity of 51.8Cu (Og) was completely lost. On the other hand, the cata-lytic activity of the reused 51.8Cu (Og)-HR was ca. 10% after 30 minutes of reaction time vs. 42% with the fresh catalyst. In the next attempt, the catalyst (after first use) was dried at room temperature overnight, and the catalytic activity was found to be 18% after 30 minutes of reaction time. Fig. S6 † shows the PXRD (A) patterns of the dried 51.8Cu (Og) catalysts both before and after the reaction (dried at 110 °C overnight). PXRD reflections attributable to t-ZrO2 were unchanged by the reac-tion. However, PXRD reflections of CuO (in 51.8Cu(Og)) dis-appeared after use for the reaction and new reflections attribu-table to Cu metal were observed. It is suggested that the observed decline in activity corresponds to the reduction of CuO to Cu under the reaction conditions. Fig. S6(B) † shows the XRD pattern of 51.8Cu (Og)-HR catalyst on reuse and it was found out that the Cu metal crystallite sizes for 51.8Cu(Og) and 51.8Cu(Og)-HR after the reaction for 30 min were 62.0 nm and 22.0 nm, respectively, based on the Scherrer equation.
The CuO particles on the 51.8Cu (Og) catalyst were unstable against the strong reduction condition (i.e. temperature and hydrogen pressure) and formed the much larger particles by sintering. On the other hand, the Cu particles of 51.8Cu (Og)-HR catalyst were relatively stable even under the reaction con- dition, possibly the reduction treatment strengthened the interaction between ZrO2 support and Cu metal, therefore, the degree of sintering after the reaction was moderate. This diff erent stability between CuO particles over the non-reduced catalyst and Cu particles over reduced the catalyst are related to the diff erent catalytic activity. The larger size of the Cu metal particles produced from the reduction of CuO under reaction conditions in 51.8Cu(Og) resulted in the lower cata-lytic activity compared with 51.8Cu(Og)-HR. In a third attempt, the catalyst was not dried after the reaction (filtrated and reused without drying), and the catalytic activity of the reused catalyst was 36% after 30 minutes of reaction time. The data for four reuse runs are presented in Fig. 7 . The catalyst lost activity over number of uses and a steady decline in GVL yield was observed.
Our experiments clearly show that reduced Cu particles play a crucial role for the hydrogenation of LA and that there is probably a critical Cu particle size required for high cata-lytic activity. To investigate this further we considered the eff ect of removal of copper particles from the surface. For this purpose, 0.40 g of 51.8Cu(Og) catalyst was treated in 4.0 ml of aqua regia overnight. Then, the solution was made up to 100 ml with distilled water and the remaining solid was filtered off . The recovered material (0.19 g) was dried overnight at 110 °C, followed by calcination under static air at 550 °C for 2 h, then heat-treatment under 5%H2/Ar at 300 °C for 2 h. The catalysts obtained from this process are abbreviated as 51.8Cu(Og)-AR (after the aqua regia treatment and calcination) and 51.8Cu (Og)-AR-HR (after aqua regia, calcination and reduction), respectively. Fig. S7 † shows the PXRD patterns of the catalysts after the aqua regia treatment, which confirm that Cu particles have been removed from the catalyst surface. The catalytic reaction using 51.8Cu (Og)-AR-HR was also performed and the results are shown in Fig. 5(A) (crossed squares) . It was found that 51.8Cu (Og)-AR-HR showed no catalytic activity for this reaction, further demonstrating that reduced Cu particles on the catalyst surface are crucial for catalytic activity.
To evaluate the eff ects of any leaching of Cu species during the reaction, the catalyst was filtered out of the reaction mixture after 30 min and then the solution was monitored for a further 1.5 h without any solid catalyst. After the initial 30 min run time, no further increase in the GVL yield was observed ( Fig. 5(A) circle-in-square symbol), indicating that any Cu species leached out during the reaction did not contribute towards catalytic activity. ICP analysis of the solution after the reaction showed that it contained less than 0.3% of the entire Cu content of the catalyst. From these experiments we conclude that the reaction is completely heterogeneous.
According to earlier reports which dealt with the hydrogen-ation of LA to GVL, the reaction proceeds via hydrogenation of LA to 4hydroxypentanoic acid, followed by dehydration and ring closure. 16, 21 It has been reported that ZrO2 is amphoteric and so can adsorb LA during the reaction. 24, 25 Therefore, the role of reduced Cu particles is likely to be the dissociation of molecular hydrogen and hydrogenation of LA which is adsorbed on the oxide support material. Kinetic analysis was performed for the 51.8Cu(Og)-HR catalyst in order to evaluate the details of the reaction and test this hypothesis. Fig. 6 (A) and (B) show the eff ect of LA concentration and H2 pressure on the reaction rate, respectively. From the slopes of the fitted straight lines, the reaction orders were calculated as practically zero (−0.1) with respect to LA and roughly first order (1.1) with respect to H2 pressure, respectively. These results indicate that the catalyst surface is saturated with LA (or their derivatives) and hydrogenation is the rate-limiting step.
We have also estimated an activation energy for this reac-tion, for these experiments the LA conversion was set below 10% by lowering the amount of catalyst used from 0.050 g (to between 0.010 g and 0.025 g). An estimated activation energy of 68 kJ mol − 1 was obtained from the slope of the Arrhenius plot ( Fig. S8 †) .
Based on the above results, we conclude that the catalyti-cally active component of Cu-ZrO2 catalyst for the hydrogen-ation of LA to GVL are reduced Cu particles on the catalyst surface which are primarily responsible for the dissociation of hydrogen in the rate limiting step of the reaction under our conditions. It is also apparent that small Cu nanoparticles are required to achieve the highest rates of reaction.
The role of the support
We have shown in the previous section that reduced Cu par-ticles deposited on the catalyst surface are the catalytically active component for the hydrogenation of LA to GVL. In this section, we will discuss the role of the t-ZrO2 support for this reaction. For this purpose, we have prepared the Cu-ZrO2 cata-lysts by a depositionprecipitation (Dp) method using pure t-ZrO2 or 7.6Cu(Me) as supports.
The elemental composition determined by ICP, BET surface area, Cu particle size (Scherrer equation), and the amount of Cu particles estimated by TPR analysis of the synthesized cata-lysts are shown in Table S2 . † After the deposition of Cu, only small variations in surface area are observed. Fig. S9 † shows TPR spectra of 10.7Cu(Og), 41.6Cu(Og), 2.5 wt%Cu/7.6Cu(Me), 20 wt%Cu/t-ZrO2, and 20 wt%Cu/7.6Cu(Me). As shown in Table S1 , † the estimated Cu particle amounts of 10.7Cu (Og), 2.5 wt%Cu/7.6Cu (Me), 41.6Cu (Og), 20 wt%Cu/t-ZrO2, and 20 wt%Cu/7.6Cu (Me) were 891, 671, 4130, 3831, and 3954 mol g − 1 , respectively. This indicates that the amounts of Cu particles deposited by DP method are almost the same with those of Og catalysts. In addition, the reduction temperatures of CuO particles were almost the same in these catalysts. Since the reduction temperature relates to the dispersion degree of Cu particles on the catalyst surface, the Cu dispersion degree is considered to be very similar in these catalysts. 46, 47 All catalysts show PXRD patterns consistent with t-ZrO2. No peak shifts between t-ZrO2 and 20 wt%Cu/t-ZrO2 were observed (Fig. 8 , inset), indicating that Cu particles were only deposited on the catalyst surface by the Dp method and no Cu was introduced into the lattice. In the same manner, the PXRD peak positions in 7.6Cu(Me), 2.5 wt%Cu/7.6Cu(Me), and 20 wt%Cu/7.6Cu(Me) were the same and were consistent with those of 41.6Cu(Og). Table S2 , † the CuO particle sizes calculated using the Scherrer equation for 41.6Cu(Og), 20 wt%Cu/t-ZrO2, and 20 wt%Cu/7.6Cu(Me) were 8.5 nm, 9.1 nm, and 8.5 nm, respectively, showing that similarly sized surface particles are produced by the Og and Dp methods. It is interesting to note that after reduction, the Cu metal particle sizes were 17.1 nm, 50.2 nm, and 46.3 nm for 41.6Cu(Og), 20 wt%Cu/t-ZrO2, and 20 wt%Cu/7.6Cu(Me), respectively (Table S2 † ). This indicates that the Cu particles formed on 41.6Cu(Og) are more stable against sintering during the reduction process than those pro-duced by Dp in 20 wt%Cu/t-ZrO2 and 20 wt%Cu/7.6Cu(Me), we attribute this to the diff erent degree of interaction between Cu particles and the t-ZrO2 depending on the synthesis method to produce Cu-ZrO2 catalyst. For 10.7Cu(Og) and 2.5 wt%Cu/ 7.6Cu(Me), PXRD peaks of CuO were not seen before the reduction procedure was carried out. After the reduction, the PXRD peaks attributed to Cu metal were observed. Estimated Cu metal particle sizes were 7.6 nm and 19.1 nm, respectively (Table S1 †). Based on PXRD and TPR, we conclude that the catalysts synthesized by Dp method have the same bulk properties and the same amount of Cu particles on the supports with the similar dispersion. Here, we carried out the reaction using these catalysts. Fig. 9 shows the GVL yield of obtained catalysts at 2 h (reaction time). The supports (t-ZrO2 and 7.6Cu(Me)) were inactive for the reaction. The deposition of Cu lead to a slight increase in the catalytic activity as measured by GVL yield (2.5 wt%Cu/7.6Cu(Me), 5.3%; 20 wt%Cu/t-ZrO2, 2.7%; 20 wt%Cu/7.6Cu(Me), 3.7%). However, the activity was still lower than that obtained for the Og catalysts discussed earlier (10.7Cu(Og), 5.7%; 41.6Cu(Og), 20.7%). The diff erence between the Dp prepared materials and Og catalysts was par-ticularly notable from the comparison of 41.6Cu(Og), 20 wt% Cu/t-ZrO2, and 20 wt%Cu/7.6Cu(Me). The Dp prepared materials in this group have almost the same amount of surface Cu with almost the same particle size as the Og cata-lysts and yet the Og catalyst gave more than 5 times the GVL yield after 2 h. After a pre-reaction reduction treatment, a significant increase in the catalytic activity was observed for Og catalysts as shown in Fig.  9 (10.7Cu (Og), 16.0%; 41.6Cu (Og), 59.9%). It is interesting to note, however, that the catalytic activity of the Dp catalysts was increased only slightly by the reduction step (2.5 wt%Cu/7.6Cu (Me), 7.5%; 20 wt%Cu/t-ZrO2, 6.6%; 20 wt% Cu/7.6Cu (Me), 7.7%).
As shown in
As implied in Fig. 8 , the Cu particles of Dp catalysts were unstable compared with those of Og catalysts, which we attri-bute to the diff erent interaction degree between Cu particle and t-ZrO2 lattice. The Cu particles of Og catalysts are con-sidered to be strongly interacted with Cu incorporated t-ZrO2 support and be stable even in the severe reaction conditions, which would explain the high catalytic activity compared with Dp catalysts. However we cannot prove this with the character-ization techniques available to us. It was found that the support of Og catalysts stabilizes Cu particles and therefore is a key factor for the catalysis.
Based on these discussions, we suggest that reduced Cu particles, strongly interacted with Cu incorporated t-ZrO2 support, dissociate molecular hydrogen and the dissociated hydrogen reacts with adsorbed LA to form GVL.
Conclusions
Cu-Zr-O materials synthesized by the methanothermal method and by the oxalate gel precipitation method (Og method) have been used as catalysts for the hydrogenation of LA to GVL. All synthesized catalysts have the same crystal phase (tetragonal zirconia (t-ZrO2)) and similar BET surface areas. The material synthesized by the Me method contains Cu substituted within the t-ZrO2 lattice, but no evidence a separ-ate CuO phase or Cu particle formation was found. This material was practically inactive as a catalyst for the reaction even after a pre-reduction step was included in the reaction procedure.
Materials obtained using the Og method also contain Cu substituted into the t-ZrO2 lattice but in addition CuO particles were observed on the surface of these catalysts in the as pre-pared state and Cu metal nano-particles after a reduction in H2. The Og catalysts also showed promising activity for the hydrogenation of LA to GVL. A pre-reaction reduction treat-ment also led to a significant increase in the catalytic activity for the Og catalysts. Since the bulk composition, crystal struc-ture, and surface area were almost the same for the Me and Og materials, we concluded that reduced Cu particles supported on Cu doped t-ZrO2 are responsible for the observed catalytic activity. We also used experiments based on DP prepared cata-lysts to suggest that the reduced Cu particles, strongly interact with Cu incorporated into the t-ZrO2 support allowing the material to maintain the dispersion of the active nanoparticles. The orders of reaction with respect to H2 and LA have been measured and suggest that the rate limiting step is the dissociate adsorption of molecular hydrogen.
The currently preferred catalyst of Ru/C has been optimized by Yan et al. 48 Testing a 5%Ru/C material for the hydro-genation of LA to GVL they were able to achieve 92% conver-sion with close to 100% selectivity after 160 minutes of reac-tion at 130 °C under 12 bar of H2. The catalyst was dosed at 5% mass fraction against the LA reagent with methanol as solvent. In this work we have ( Fig. 5) found that 51.8Cu (Og)-HR can achieve over 90% conversion at 60 minutes of reaction at 200 °C under 35 bar of H2. This catalyst was dosed at 10% mass fraction against the LA reagent with water as solvent.
The analysis presented here shows that surface supported Cu nanoparticles can show similarly high conversion and selectivity to GVL as the Ru/C system, albeit under more harsh reaction conditions. The higher temperature and H2 pressure reflect lower ability of Cu to activate hydrogen when compared to Ru. Our analysis also demonstrates that the active com-ponent of the Cu-ZrO2 system is present in relatively small amounts implying scope to reduce the Cu loading without loss of performance if the synthesis procedure can be refined further. The present work successfully demonstrates the cataly-tically active component of Cu-Zr-O catalyst for the hydrogen-ation of LA and will provide a way to design more eff ective cat-alysts, using abundant materials, to improve the catalytic activity for liquid phase hydrogenation chemistry.
